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A NUMBER OF EXPERIMENTAL STUDIES in the past several decades have indicated that the immune system may play a role in hypertension (7, 9, 15, 16, 18, 40) . Studies in which animals received a thymectomy (17, 46) , antithymocyte serum (3), immunosuppressant therapy (2) , or genetic manipulation of T and B lymphocytes (11) , all indicated that the immune system was a permissive or causative factor in the development of hypertension. Moreover, it has been recognized that the infiltration or activation of immune cells in the kidney may participate in the pathogenesis of salt-sensitive hypertension and/or kidney disease (15, 16, 33, 39, 45) .
The localization and characterization of different immune cell types infiltrating the renal interstitial space in nonimmune models of hypertension and kidney disease have been documented by a number of different groups (24, 28, 33, 39, 42, 45) . Both lymphocytes and macrophages have been localized in the renal interstitium of different rat models, including hypertension induced by genetic or experimental elevation of ANG II (23, 28, 33) , two-kidney, one-clip hypertension (24) , L-NAME-induced hypertension (36) , and genetically hypertensive rats (42) . Moreover, treatment with immunosuppressive drugs has proven beneficial to reduce arterial blood pressure and the severity of kidney damage in a number of different experimental and/or genetic models of rodent hypertension (1, 3, 4, 17, 28, 36, 39, 41, 42) .
Immunohistochemical and immunoblotting studies have characterized the infiltration of macrophages and lymphocytes (28, 33, 39, 45) , as well as cells staining positive for superoxide (8, 42, 39) and angiotensin (8, 36, 41, 39) in the kidneys of hypertensive rats. Though the different cell types have been characterized, the mechanisms by which these immune cells lead to elevated levels of arterial blood pressure and renal end-organ damage is not clear. It has been proposed that the infiltration of immune cells leads to oxidative stress, and/or increased release of ANG II (8, 39, 40) . This hypothesis is consistent with results of other studies that have indicated that 1) intrarenal ANG II is increased in hypertension by a mechanism that is not modulated by standard physiological stimuli (8, 20, 31) , 2) angiotensin-converting enzyme (ACE) inhibition or angiotensin II type 1 (AT1) receptor blockade attenuates renal damage (12, 21, 32) and/or the elevation of arterial blood pressure (13, 22) in Dahl salt-sensitive (SS) hypertensive rats fed a high-salt diet, and 3) clinical observations that have demonstrated the beneficial effects of AT1 receptor blockers or ACE inhibitors for the treatment of renal disease and hypertension in humans (5, 34, 47) .
Recent experiments have demonstrated that treatment of Dahl SS rats with immunosuppressive agents leads to the attenuation of sodium-dependent hypertension and kidney damage. Associated with the immunosuppressive therapy was a decrease in markers related to T lymphocytes in the kidney tissue (25) . The present studies were performed to determine mechanisms by which infiltrating T lymphocytes may mediate hypertension and associated kidney damage in Dahl SS rats fed a high-salt diet. Experiments in this manuscript tested the hypothesis that renal infiltration of immune cells following an increase in salt intake mediates the further development of hypertension and renal damage by increasing intrarenal levels of ANG II.
METHODS
Experimental animals. Experiments were performed on male Dahl SS rats (SS/JrHSDMcwi) obtained from a colony maintained at the Medical College of Wisconsin. One group of Dahl SS rats, used to measure blood pressure in protocol 1, were purchased from Charles River Laboratories (SS/JrHsdMcwiCrl). The breeders and weanlings were fed purified AIN-76A rodent diet (Dyets, Bethlehem, PA) containing 0.4% NaCl. At 9 wk of age, the salt content of the chow was increased to 4.0% NaCl for 3 wk in some of the rats; other rats were maintained on the 0.4% NaCl chow throughout the study. The Medical College of Wisconsin Institutional Animal Care and Use Committee approved all experimental protocols.
Surgical preparation. In survival surgical procedures, the rats were deeply anesthetized with a mixture of ketamine (50 mg/kg im), acepromazine (5 mg/kg im), and xylazine (5 mg/kg im). Supplemental anesthesia was administered as needed. Using an aseptic technique, we implanted a telemetry transmitter (Data Sciences International, St. Paul, MN) for measuring arterial blood pressure with the catheter in the femoral artery, and the body of the transmitter was implanted subcutaneously on the animal's flank. The rats were kept warm during and following surgery on a specially designed warming table. Analgesics and antibiotics were administered postoperatively to control pain and infection. The rats were allowed to recover for 5-7 days before the experimental protocol.
T-cell isolation. Isolation of infiltrating cells was performed using a modification of methods that we have previously described (27) . Briefly, rats were anesthetized with pentobarbital sodium (50 mg/kg ip), the abdominal aorta was isolated and cannulated, and the kidneys were perfused with a solution containing 154 mM NaCl and 100 Units/ml heparin. The kidneys were removed and cut into 1-to 2-mm-thick sections; the sections were incubated at 37 C for 60 min in dissection solution containing (in mM) 135 NaCl, 3 KCl, 2 KH 2PO4, 5.5 glucose, 20 HEPES (pH 7.2), and 0.85 mg/ml collagenase (573 Units/mg; Sigma, St. Louis, MO). During incubation, the samples were gently shaken and bubbled with 95% O 2-5% CO2. The digested solution was then filtered through 100-and 70-m filters and centrifuged at 300 g for 10 min. The pellet was resuspended in PBS containing DNase 1 (20 units/ml). The isolated cells were layered over 5 ml of Histopaque (Sigma), centrifuged at 400 g for 30 min at room temperature, and the mononuclear cell layer was collected. The separated mononuclear cells were resuspended and washed in PBS, counted, and incubated with a rat Pan T-cell antibody coupled to magnetic microbeads (MACS Rat Pan T Cell Microbeads, Miltenyi Biotec, Gladbach, Germany) for 15 min at 4 -8°C. The cells were then washed, resuspended in labeling buffer, and the cell suspension was applied to a magnetic column (MACS Separation Columns; Miltenyi Biotec) to isolate T lymphocytes.
Histological analysis and immunohistochemistry of kidney tissues. Rats were deeply anesthetized with pentobarbital sodium (50 mg/kg ip); the kidneys were removed, bisected, and placed in 10% formaldehyde in phosphate buffer. The tissue was paraffin embedded (Microm HMP 300), cut in 3-m sections (Microm HM355S), mounted on silanized/charged slides, and stained with Gomori's One-Step Trichrome. Slides were photographed using a Nikon E-400 fitted with a Spot Insight camera; digital micrographs were obtained at different magnifications. Individual glomeruli (30 -40 per rat) were evaluated using a modification of the semiquantitative index method of Raij et al. (37) ; glomeruli were scored from 0 (best) to 4 (worst) on the basis of glomerulosclerosis and mesangial expansion (25, 26) . The percentage of the outer medullary tissue containing dilated tubules was quantified by determining the proportion of red-stained structures in this region using Metamorph Image Analysis software (ver. 4.6, Universal Imaging Systems) (25, 26) .
Immunohistochemistry was performed on tissue sections to localize T lymphocytes in the kidney. The sections were prepared as described above, deparaffinized with xylene and ethanol, and incubated with Proteinase K for antigen retrieval. Endogenous biotin and peroxidase activity was blocked by incubation with avidin and biotin, and hydrogen peroxide, respectively. The primary monoclonal antibodies used to detect T cells were anti-CD43 (Abcam, Cambridge, MA) or anti-CD3 (BD Pharmingen, San Diego, CA). A biotinylated horse anti-mouse secondary antibody was used for development with avidin-biotinylated horseradish peroxidase complex (Vectastain ABC kits; Vector Laboratory, Burlingame, CA) and 0.02% H2O2 ϩ 0.1% diaminobenzidine tetrahydrochloride (DAB). The slides were lightly counterstained with aniline blue dye and photographed under the microscope.
Renin, ANG II, and ACE measurements. All assays were performed as previously described (6) . Plasma renin activity was measured by RIA using a modification of the method of Sealey and Laragh (44) with nephrectomized rat plasma used as the substrate for plasma renin concentration measurements. Plasma ANG II was measured by RIA following HPLC separation of ANG I, ANG II, and the primary angiotensin metabolites due to the strong antibody cross reactivity with the other metabolites. The comparison of the total concentration of ANG II-like fragments [including ANG II-(2-8), ANG II-(3-8), and ANG II-(4 -8)] indicates that there is as much as a five-fold greater concentration in plasma of these fragments compared with ANG II-(1-8). As previously reported for this assay, the recovery of [ 3 H] ANG II from plasma processed through the entire extraction and HPLC separation procedure averaged 83% (38) . Renal tissue ANG II was measured in samples obtained from pentobarbital sodium-anesthetized rats (50 mg/kg ip) that were snap-frozen on dry ice and stored at Ϫ80°C. The tissue samples were homogenized in a large volume (ϳ10 ml/25 mg) of ice-cold methanol. The homogenate obtained from the tissue samples was centrifuged, and the supernatant was collected and dried (Speedvac; Savant Instruments, Nassau-Suffolk, NY). ANG II was measured by RIA following HPLC separation of ANG I, ANG II, and the primary angiotensin metabolites as described above. Tissue ACE activity was measured by assessing the conversion of Hip-HisLeu to His-Leu using an adaptation of the protocol developed by Santos (43) .
For protocol 1, the influence of elevated sodium intake on blood pressure and renal damage was assessed in Dahl SS rats fed 0.4% or 4.0% NaCl chow for 3 wk. Further studies examined the renal histological changes and the infiltration of T lymphocytes into the kidney of Dahl SS rats fed 0.4% or 4.0% NaCl.
For protocol 2, the influence of treatment with the immunosuppressive drug mycophenolate mofetil (MMF) or dextrose vehicle during the 3-wk period of elevated sodium intake on blood pressure, and renal damage was assessed in Dahl SS rats. Additional experi- ments assessed the renal infiltration of T lymphocytes and the renal tissue level of ANG II in vehicle and MMF-treated Dahl SS rats fed 0.4% or 4.0% NaCl chow. A final set of experiments assessed renin activity in T lymphocytes isolated from the kidneys of Dahl SS rats fed 0.4% or 4.0% NaCl chow for 3 wk. Figure 1 illustrates the changes in arterial blood pressure, assessed by 24 h/day telemetry measurements, and renal injury, assessed by albumin excretion rate, when the salt content of the chow was increased from 0.4% to 4.0% NaCl in Dahl SS rats (n ϭ 4 or 5). Blood pressure averaged ϳ131 mmHg during the 10-day period of 0.4% NaCl intake. The rats rapidly developed elevated arterial pressure following 2-3 days on the high-salt diet. The arterial pressure plateaued for several days and then slowly and progressively increased to levels ϳ30 mmHg higher than the 0.4% NaCl level following 3 wk of the high sodium intake. The development of hypertension was accompanied by increased albumin excretion following the elevated salt intake.
RESULTS
The albumin excretion rate also increased with time and averaged 129 Ϯ 20 mg/day after 3 wk of the 4.0% NaCl diet. Figure 2 illustrates the histological changes associated with 3 wk of 4.0% NaCl intake in these rats. Compared with rats maintained on the 0.4% NaCl chow, the high-sodium diet led to both glomerular damage (blue fibrotic tissue and collapsed capillary structure) and tubular damage (red protein deposition casts indicating blocked tubules in the outer medulla). Visibly less glomerular and tubular injury was observed in the kidneys of the SS rats maintained on the 0.4% NaCl chow. Quantitative grading of the histological damage demonstrated that kidneys from the rats fed 4.0% NaCl had an increased degree of glomerular damage (2.8 Ϯ 0.1 vs. 2.1 Ϯ 0.2 on a scale of 0-best to 4-worst), as well as a greater number of blocked tubules in the outer medulla (15.8 Ϯ 1.7%) compared with the kidneys from SS rats maintained on the low-salt diet (5.1 Ϯ 1.6%) (n ϭ 4/group).
A representative two-dimensional plot of a flow cytometry analysis of mononuclear cells isolated from the kidneys of rats Fig. 2 . Light microscopy of Trichromestained sections of renal cortex (A and C, ϫ40 original magnification) and renal outer medulla (B and D, ϫ10 magnification) of Dahl SS rats fed 0.4% NaCl (A and B) or 4.0% NaCl chow for 3 wk (C and D). The lower panels depict the calculated glomerular injury score (E), and the percentage of renal outer medulla consisting of protein casts (F) in kidneys of rats fed the 0.4% or 4.0% NaCl diets. *P Ͻ 0.05 vs. 0.4% NaCl.
fed 4% NaCl for 3 wk is presented in Fig. 3A . Approximately equal numbers of helper (CD4 ϩ ) and cytotoxic (CD8 ϩ ) T cells infiltrated the kidneys. A minor fraction of the mononuclear cells were positive for both markers (upper right), while other mononuclear cell types were negative for both markers (lower left), indicating that there were also other subtypes of mononuclear cells infiltrating the kidneys. Further experiments to isolate total T cells in the kidney demonstrated that the number of T lymphocytes in the kidneys of SS rats fed 4.0% NaCl was ϳ62% greater than the number of cells in kidneys of rats fed 0.4% NaCl (Fig. 3B , n ϭ 11/group). The number of circulating T lymphocytes was not different between the groups, averaging 0.79 Ϯ 0.1 ϫ 10 6 cells/ml in the blood of rats fed the low-salt diet. Immunohistochemistry demonstrated that infiltration of T lymphocytes in the kidneys of rats fed 4.0% NaCl was localized around glomeruli and preglomerular vessels in the renal cortex and in the areas surrounding damaged tubules and vasa recta bundles in the renal outer medulla (Fig. 3, C and D) . Figure 4 illustrates the MAP and albumin excretion rate in rats treated with vehicle or the immunosuppressive agent MMF following 3 wk of the 4.0% NaCl diet (n ϭ 5). As we previously reported (25) , both the development of hypertension and albumin excretion were significantly attenuated in Dahl SS rats treated with MMF. Figure 5 , top, demonstrates the changes in infiltrating T cells in vehicle-treated and MMF-treated rats when maintained on 0.4% NaCl chow and following 3 wk of 4.0% NaCl (n ϭ 5-8). As observed earlier, there was a significant increase in infiltrating T lymphocytes in the kidney of vehicle-treated Dahl SS rats when salt intake was increased (from 5.06 Ϯ 1.56 ϫ 
·day
Ϫ1 ip) for 3 wk prior to these measurements (n ϭ 5/group). *P Ͻ 0.05 vs. vehicle-treated rats on the same diet.
(n ϭ 6). Intrarenal ANG II was not different in vehicle-treated rats fed 4.0% NaCl compared with values obtained from rats fed 0.4% NaCl (134 Ϯ 26 pg/g of tissue). This failure to suppress intrarenal ANG II occurred despite a significant decrease in plasma renin concentration from 7.4 Ϯ 0.9 ng ANG I·ml Ϫ1 ·h Ϫ1 to 2.1 Ϯ 0.4 ng ANG I·ml Ϫ1 ·h Ϫ1 and a significant reduction in plasma ANG II from 14 Ϯ 2 pg/ml to 7 Ϯ 1 pg/ml when dietary salt was increased from 0.4% to 4.0% NaCl (data not shown). In contrast to the response in vehicle-treated Dahl SS rats, MMF-treated rats, in which infiltrating T cells were decreased, demonstrated a significant decrease in intrarenal ANG II when NaCl intake was elevated (0.4% NaCl: 163 Ϯ 26 pg/g of tissue vs. 4.0% NaCl: 88 Ϯ 9 pg/g tissue; Fig. 5) .
Additional experiments were then performed to determine whether T lymphocytes isolated from kidneys of Dahl SS rats are capable of participating in the intrarenal formation of ANG II. As illustrated in Fig. 6 , both renin and angiotensin-converting enzyme activity were detected in T cells isolated from the kidneys of Dahl SS rats. Renin activity from T lymphocytes tended to increase in Dahl SS rats fed 4.0% NaCl (1.7 Ϯ 0.4 ng ANG I/min, n ϭ 14) compared with rats fed the 0.4% NaCl chow (1.4 Ϯ 0.3 ng ANG I/min, n ϭ 11) but was not different. Similarly, angiotensin-converting enzyme activity in T cells was not different between rats fed 4.0% NaCl (31.3 Ϯ 7 pmol His-Leu/min, n ϭ 9) and rats fed the 0.4% NaCl chow (34.8 Ϯ 25 pmol His-Leu/min, n ϭ 10).
DISCUSSION
The present set of studies demonstrates a role for infiltrating T lymphocytes and ANG II in the development of salt-sensitive hypertension and renal injury in the Dahl SS rat. Experiments indicated that infiltration of T cells into the kidney following elevated sodium intake is associated with enhanced formation of intrarenal ANG II and the development of hypertension and renal injury in the SS rat. Chronic administration of the immunosuppressive agent MMF decreased the number of T lymphocytes in the kidney, reduced intrarenal ANG II, and attenuated salt-sensitive hypertension and albuminuria. In vitro experiments demonstrated significant renin enzymatic activity in T lymphocytes isolated from the kidney of rats on a high-salt diet, demonstrating that these cells may participate in the intrarenal production of ANG II. These data, therefore, indicate that infiltrating T cells can participate in the development and/or maintenance of salt-sensitive hypertension by producing elevated ANG II.
Similar to some human forms of hypertension, Dahl SS rats exhibit salt-sensitive hypertension that is associated with a progressive decline in renal function. Interestingly, sodiumsensitive hypertension and renal disease in the Dahl SS rat and a number of other rodent models is ameliorated by pharmacological suppression or genetic deletion of components of the immune system (7, 9, 15, 16, 18, 40) . The mechanisms of hypertension mediated by infiltrating immune cells in the Dahl SS rat have not been elucidated. It has been speculated from data in other animal models that the infiltrating cells could produce free radicals that lead to kidney damage. Alternatively, other studies have indicated that the infiltrating cells may release ANG II, which could potentiate renal disease (8) . These studies demonstrate that ANG II may mediate a portion of the prohypertensive effects of infiltrating immune cells.
The present data, indicating that infiltrating cells participate in the development or maintenance of hypertension by increasing intrarenal ANG II, are in agreement with results from a number of different laboratories. It has previously been demonstrated that intrarenal ANG II levels are elevated in hypertensive animals (8, 30) . Immunohistochemical and immuno- blotting techniques have shown that infiltrating cells stain positive for angiotensin in the kidneys of hypertensive rats (36, 39, 41) . The present data indicate that T lymphocytes have renin and angiotensin-converting enzyme activity. Moreover, macrophages, monocytes, and leukocytes have been demonstrated to contain ANG II or angiotensinogen, or are capable of de novo production of ANG II (10, 14, 19, 29, 35, 48) ; any or all of these infiltrating immune cells may provide an important source of ANG II, which may exaggerate renal damage and hypertension. Moreover, angiotensin-converting enzyme inhibition or AT1 receptor blockade attenuates renal damage and/or the elevation of arterial blood pressure (13, 22) in Dahl SS hypertensive rats fed a high-salt diet. Despite the presence of renin and angiotensin-converting enzyme activity in T cells and the positive association between infiltrating T lymphocytes in the kidney and intrarenal ANG II, it is not clear to what extent T cells participate in ANG II formation in vivo. The apparent localization of the infiltrating T cells around blood vessels, however, supports the concept that vasoactive factors released by these cells can have a marked influence on renal hemodynamics.
A number of different types of infiltrating immune cells, including macrophages, T-lymphocytes, and B-lymphocytes, have been identified in the diseased kidney of hypertensive rats. It is, therefore, possible that the beneficial effects of MMF, the pharmacological agent used in the present study, were mediated by a reduction in multiple cell types. Further T-cell-specific approaches will need to be performed before a definitive conclusion can be made regarding the role of this cell type in Dahl SS hypertension. In support of the concept that T cells are mediating the present effects, recent studies in RAG1 Ϫ/Ϫ mice have indicated that T lymphocytes mediate a significant portion of ANG II-mediated hypertension (11) . The mechanisms leading to the infiltration of these cells into the kidney in hypertension remain to be determined. We speculate that infiltration of immune cells in the kidney of hypertensive rats is a secondary effect resulting from kidney damage mediated by a primary increase in arterial pressure. We base this hypothesis on reports from a number of laboratories, indicating that treatment with immunosuppressive drugs has proven beneficial to reduce arterial blood pressure and the severity of kidney damage in a number of different experimental and/or genetic models of rodent hypertension (1, 3, 4, 17, 28, 36, 39, 41, 42) .
The present studies focused upon T lymphocytes and their potential role in Dahl SS hypertension; it is also likely that other infiltrating cells participate in the development of hypertension and renal disease in these rats. The effects of other infiltrating cell types and/or the interactions between infiltrating cells and native renal cells remain to be elucidated. The present experiments focused upon the kidney because of this organ's role in sodium-sensitive hypertension. It is possible that immune cells infiltrate other organs and tissues throughout the body; nonrenal effects of infiltrating cells could, therefore, influence the hypertensive disease phenotype. The infiltration of immune cells in other organs and tissues was not examined in this study. Results of this study demonstrate that ANG II may be released from T cells and participate in the development of hypertension and renal disease in the Dahl SS rat. It is possible, however, that other factors released from T cells or other immune cells (i.e., free radicals, cytokines, and others) are also involved in this response and that ANG II is one of many players in this response.
In conclusion, the present data indicate that infiltrating T lymphocytes are increased in the kidney of Dahl SS rats when placed on a 4.0% NaCl diet. The T cells are capable of participating in the production of ANG II and are associated with increased intrarenal ANG II and the development of SS hypertension and kidney damage. The suppression of T-cell infiltration decreased intrarenal ANG II and attenuated Dahl SS hypertension and kidney damage. As such, infiltrating T lymphocytes are capable of participating in the established phase of Dahl SS hypertension.
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